Objectives The feasibility and diagnostic potential of three-dimensional echocardiography, using transoesophageal multiplane echocardiography for the assessment of thoracic aortic pathology, has not been evaluated.
Introduction
The development of two-dimensional echocardiography, and more particularly the transoesophageal approach, provided new routes for assessing diseases of the thoracic aorta, which carry a significant morbidity and mortality 1 '" 41 . Recent progress in ultrasound instrumentation and computer technology has enabled the generation of three-dimensional reconstructions of both cardiac and aortic pathology and the clinical potential of this technique is increasingly being reported'' in most of these studies the parallel scanning approach was used for image acquisition 19 " 161 . Rotational scanning is an alternative approach which has clinical advantages for cardiac examination' 9 ' 181 , but few reports on its usefulness for aortic imaging in adults are available 16 ' 151 . Our study was undertaken in order to test the feasibility of the rotational scanning approach for the evaluation of the thoracic aorta in various pathological conditions.
Methods
The study group consisted of 21 patients (10 women, 11 men), mean age 52-1 years (range 20-78) referred for multiplane transoesophageal echocardiographic study in order to evaluate the thoracic aorta. The patient data are summarized in Table 1 . There had been no pre-selection of the patients for the three-dimensional echocardiographic examination, which was based on twodimensional image quality. 
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f=female; m=male; Acq = number of acquisitions.
Multiplane transoesophageal echocardiography was performed with a 5 MHz, 64-element multiplane transducer connected to a Hewlett-Packard Sonos 500 system. The probe dimensions are width: 14-2 mm, thickness: 10 mm and length: 30 mm. The images were recorded on VHS video tape. Standard precautions, patient preparation and probe insertion procedure were followed as described elsewhere 141 .
Three-dimensional echocardiography
Image acquisition Informed consent for performing three-dimensional echocardiography was obtained from all patients. As soon as the diagnostic multiplane transoesophageal examination was completed, the probe was positioned for the optimal visualization of the region of interest. The ascending aorta was visualized with the transducer located in the upper oesophagus and directed anteriorly. Imaging of arch and descending aorta required lateral and dorsal rotation of the probe shaft and positioning of the transducer at the level of a region of interest which was noted during the diagnostic transoesophageal multiplane study. One or two acquisition sequences were performed to confirm that the conical volume encompassed the region of interest. The machine settings used during the two-dimensional diagnostic multiplane study were also used for the three-dimensional acquisition, but particular care was taken to use as low a gain value as possible to reduce noise level. The images for the threedimensional reconstruction were acquired with rotational scanning at 2" intervals: the multiplane probe was controlled by the steering logic of the three-dimensional echocardiographic system (Echo-Scan, TomTec GmbH, Munich, Germany) via a step motor and a custom-built wheelwork interface. Spatial and temporal information was optimized by ECG and impedance-based respiratory gating (the end-expiratory phase was selected for acquisition). When the cardiac cycle met the pre-set criteria, two-dimensional tomographic images were sampled at 25 Hz, digitized and stored in computer memory; then, the step-motor rotated the transducer array by 2° to the next cross-section. The acquisition procedure comprises 90 steps, resulting in a conical volumetric dataset which encompasses the area of interest.
Data processing
This was performed off-line using the software program of the three-dimensional echocardiographic system (TomTec EchoScan v.3.0). The acquired data were rearranged from polar orientation into Cartesian coordinates (256 x 256 x 256 pixels/8 bit each). A tri-linear cylindrical interpolation procedure was used to fill the gaps between adjacent cross-sections. Aortic structures were separated from blood-pool and background according to grey scale value information. Additional computer procedures were applied to enhance edges and to reduce noise and artifacts. Re-writable optical disks were used for the permanent storage of data.
Image display (1) Anyplane and paraplane echocardiography: After post-processing, the dataset can be used for reconstruction of any cross-section within the region of acquisition (anyplane echocardiography - Fig. 1 ), independently perspective. The reconstruction is performed according to an operator-selected cutplane. The original grey scale information within the volume data is used to reconstruct the surfaces of the cardiac structures (segmentation process). Thus, depth perception in both static or dynamic images is created. The final appearance of the three-dimensional image depends on values of threshold, opacity image parameters and selection of rendering algorithms. Five shading algorithms are available (distance shading, gradient shading, texture shading, maximum and minimum intensity projection) and can be mixed using weighting factors' 191 . In this study of the thoracic aorta, the quality of reconstructed images was scored for clarity of display and diagnostic confidence by consensus achieved between two observers on a 3-point scale as: (1) 
Results and clinical illustration

Feasibility of three-dimensional echocardiography
Transoesophageal image acquisitions for threedimensional reconstruction was performed successfully in all patients. A total of 30 volumetric datasets were acquired (14 patients with single, five with double and two with triple acquisition), including 19 acquisitions of the ascending and 11 of both the aortic arch and the descending aorta. The additional examination time required for the calibration procedures, optimal window selection, and one to two test acquisition sequences never exceeded lOmin. The data were post-processed within 5-20 min. Image analysis time, including anyplane, paraplane and volume-rendered three-dimensional reconstruction, ranged between 20-70 min per patient depending upon the complexity of pathology. Image quality was excellent in 17 acquisitions (57%), adequate in 10 (33%) and inadequate in three (10%). Inferior image quality was due to motion artifacts in most instances or to suboptimal visualization of the ascending aorta within the imaging cone.
from the original imaging planes. Subsequently, up to eight computer-generated parallel cutplanes can be reconstructed at pre-selected intervals and displayed simultaneously in motion (paraplane echocardiography - Fig. 2 ).
(2) Volume rendering: This display modality presents solid-looking cardiac structures in a three-dimensional
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General findings
The aortic segments contained within the threedimensional datasets ranged in length from 4 to 9 cm. In ascending aorta imaging the length was mainly related to proper positioning of the probe and interposed structures while in the descending aorta, the length of the visualized segment depended principally on the twodimensional sector angle because of the proximity of the oesophagus. Due to the conical geometry of rotational scanning, the wall of the descending aorta adjacent to the oesophagus is partly excluded from the dataset (we did not encounter specific diagnostic problems related to that phenomenon, however). Using the post-processed three-dimensional dataset, any desired cross-section of the aorta can be generated off-line (anyplane echocardiography - Fig.  1 ), including views impossible to obtain during twodimensional imaging, such as long axis views of the aorta in the frontal plane. Computer-reconstructed parallel cutplanes at pre-selected intervals can be displayed simultaneously (paraplane echocardiography) enabling, for example, objective short-axis measurements of the aortic diameter at desired levels (Fig. 2) . Because of relatively simple aortic geometry, the entire inner surface of a selected segment can be displayed in a 'clam-shell' manner, by reconstructing both halves divided by a selected cutplane (Fig. 3) . Image extraction procedures enable the visualization of the external surface of the aorta, as viewed from the mediastinum, and the display of cylindrical cavity casts.
Normal aorta
Images were acquired in five subjects with a normal aorta. These provided anatomical details on the sinuses of Valsalva, orifices and proximal parts of the coronary arteries (Fig. 1C) . The reconstructed two-dimensional views enabled the diameter to be measured in optimized computer-generated short-axis cross-sections and the normal morphology and the thickness of the aortic wall to be confirmed. Volume-rendered three-dimensional reconstructions of the aorta display the smooth surface 
Aortic aneurysm
This type of pathology was the region of interest in 11 acquisitions of eight patients. Three-dimensional echocardiography allowed the detailed anatomy of the dilated aortic segment to be analysed. Computergenerated echocardiographic cross-sections, physically unobtainable from the chest wall or oesophagus, could be generated including frontal plane cross-sections (Fig.  4G ) and short-axis views for optimal measurements of any segment. Serial paraplane images help to localize and, more importantly, to measure the extent of the lesion. Even asymmetric saccular aneurysms can be visualized and quantitated in any desired plane. Data on aortic wall thickness and the echogeneity of wall components were available in computer-generated crosssections, allowing atherosclerotic lesions to be diagnosed (Fig. 5) , while the volume-rendered images provided unique spatial information on the internal aortic surface. Localized enlargement of the aortic lumen can be depicted and viewed from any desired perspective (Figs 4-6) , and the entire circumference of the intimal surface can be displayed using either cylindrical views or Finally, three-dimensional views of extracted casts of aortic lumen helped to understand the morphology (Fig. 4F) .
Aortic dissection
Four acquisitions in two patients with a chronic dissection (type I and type III) were performed. Anyplane views displayed the span, size and shape of the intimal flap. The dynamic volume-rendered display showed the anatomical extent of the intimal flap, its surface and waving motion (Fig. 8) . These patients presented with a chronic, partially thrombosed or residual postoperative dissection so that the intimal tear could not be shown. However, in comparison with baseline two-dimensional images and the evaluation of structure continuity and its motion pattern, intimal flaps could be distinguished from noise artifacts in two-dimensional images and retained in three-dimensional reconstructions.
longitudinal, 'clam shell' images. The intimal surface showed accompanying abnormalities such as thrombi or atherosclerotic lesions (Fig. 7) . Unique views of outpouching of the aortic wall from a surgical perspective, from a position within the mediastinum, were generated (Fig. 4B) . Incorporation of maximum and minimum intensity projection shading techniques rendered the aortic wall semi-transparent so that abnormal internal structures, such as thrombus, could be seen (Fig. 4C) .
Atherosclerotic lesions
Protruding atherosclerotic lesions were present in two patients (two acquisitions). They were displayed in anyplane and paraplane mode in a series of cross-sectional images (Fig. 9) . The paraplane views enabled comprehensive quantitative assessment of the lesions, including volume calculations with Simpson's rule (Fig. 10) . The volume of the protruding sessile atheromata were 0-7 and 0-5 ml respectively. Wall thickness and the echogeneity of its components was reproduced in computer-generated two-dimensional views, providing information on less advanced atherosclerosis. Volumerendered reconstructions enabled the unique presentation of the internal surface of the aorta in a spatial perspective, thus facilitating exact localization of lesions. In this display modality, atherosclerotic lesions presented either as an uneven, 'shaggy' surface on the aortic wall or protruding structures of a bizarre shape, as opposed to a normal, smooth intima (Fig. 11) . In one patient a solid atheromatous mass could be distinguished from an attached, finer thrombus, chaotically moving in the blood stream ( Fig. 11C-E) . The abnormal structures could be viewed at any angle with improved perception of depth. 'Electronic excision' of the lesion and separate display is possible.
Postoperative morphology
In seven patients, eight acquisitions were performed after aortic segment replacement, including autografts (Ross procedure), allografts and prostheses. Biological implants presented with morphology similar to the native aorta in reconstructed two-dimensional views. Increased echogeneity of stitching areas and prosthetic material was preserved in the reconstructed views. Aortic conduits presented in volume-rendered reconstructions as cylindrical structures with smooth inner surfaces ( Fig. 12C and D) . In one patient with a complex congenital condition, a surgical shunt between the ascending aorta and right pulmonary artery (Waterston shunt) was precisely displayed both in computerreconstructed two-dimensional anyplane views and in volume-rendered three-dimensional images. The exact localization of the connection was shown from the aortic lumen ( Fig. 12A and B) . 
Discussion
Image acquisition
Three-dimensional imaging of the aorta using the transoesophageal approach is based on predetermined acquisition techniques, including linear (parallel), fanlike and rotational (propeller-like) scanning, most experience being with the first modality 16 -9 ""' 13 ' 161 . Epicardial linear acquisition has also been described'
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. The linear scan is potentially best suited for imaging of an elongated structure such as the aorta. Any desired segment can be easily visualized by slight adjustment of a proximal and distal imaging plane. The linear approach provides an isotropic dataset in orthogonal orientation, eliminating the need for rearrangement of the data. However, the transverse imaging plane used in this approach has significant limitations in imaging the distal ascending aorta and arch area. Furthermore, complete cross-sectional imaging of the aortic wall depends upon the imaging angle, and lateral 'clipping' of the image can be observed due to the proximity of the aorta even when a 90° sector is used'
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. A potential solution is to use wide-angle, panoramic probes. The acquisition itself is performed by stepped pullback of the probe in the bulky transducer assembly. However, as this approach is uncomfortable for the patient, tolerance of the procedure has been improved by replacing the bulky sliding carriage device with a standard single plane transducer for acquisition of aortic images' 10 ' 11 '. Such a method requires particular care so that registration of the adjustments of the image by shaft rotation during withdrawal of a probe can be made precisely. These adjustments are necessary because of the intertwining relationship between the aorta and oesophagus to avoid incorrect rendering of the three-dimensional aortic geometry.
Rotational scanning for three-dimensional image acquisition can be accomplished from a single transducer location in the oesophagus. There is no additional discomfort for the patient and the image acquisition is performed as a part of a routine diagnostic study 161 . In our study, the patients tolerated the procedure very well (all the acquisitions could be completed). The optimal interval between imaging planes lies between 1 and 4 degrees. Our experience suggests that the 2-degree intervals provide an acceptable compromise between reconstruction quality requirements and acquisition time. Multiplane transducers allow any region of the aorta to be scanned but the length of aortic segment visualized during a single acquisition is relatively small. This is a problem when imaging the descending aorta, but this limitation is partially overcome by a region-and lesionspecific approach based on the diagnostic multiplane study. Due to the conical geometry of the scanned region, however, some of the descending aorta wall adjacent to the oesophagus can be partly excluded from the dataset.
Fan-like scanning of the aorta in a longitudinal plane is subject to similar limitations as the rotational method, but requires controlled rotation of the entire probe, which can cause patient discomfort. Experience with this technique is limited' 15 ' 21] . In our opinion the rotational transoesophageal scanning approach by providing optimal imaging and least patient discomfort, is the most versatile modality for three-dimensional echocardiography. The procedure is well tolerated and performs satisfactorily, as witnessed by the high percentage of good quality reconstructions presented in this study. The linear scan, however, represents the best alternative for longitudinal lesions located in descending aorta.
Three-dimensional imaging
The three-dimensional reconstruction software used in our study offers various display modalities. Computed reconstruction of two-dimensional tomographic views provides unrestricted imaging capabilities, being able to display views unavailable in two-dimensional imaging, such as frontal views. Reconstructed parallel views, optimized for short axis of the aorta, can be particularly valuable for off-line quantitative assessment of the aorta at different levels, although linear measurements within the voxel volume is also possible in volume-rendered reconstructions. The latter modality offers a unique and direct insight into the morphology of the aorta and complex structures such as thrombi and atheromata are clearly depicted. Unlike the heart, the aorta is a relatively immobile structure and motion artifacts in the reconstructed images are limited. By selecting threshold and opacity parameters of the image and the shading algorithms a transparent display of selected structures is presented, which improves the understanding of the patho-anatomy. The structure extraction procedures enable the visualization of the external surface of the aorta, as viewed from a mediastinal viewpoint, and the generation of aortic lumen casts. Although the usefulness of surface-rendered reconstructions for evaluation of the aorta has been reported' 2 ' 1 , volume-rendering appears to be the optimal technique for morphological analysis. Some special display modalities have been used for better depiction of aortic anatomy, including colourencoding 1111 and relief (topographic) display, presenting the internal surface of the aorta as if it were longitudinally dissected and laid flat on a pathologist's table 14 '. Holographic display is another promising display modality 1221 .
To date, there are no generally accepted standards for three-dimensional image orientation and nomenclature' 16 ' 231 . However, the logical classification should distinguish cylindrical (short-axis derived) views, longitudinal views and oblique views, relative to an operator-selected cutplane. Because the threedimensional dataset contains the complete information about the examined portion of aorta, the entire inner surface can be conveniently displayed in 'clam-shell' views (volume-rendered reconstructions derived from the same cutplane but opposite viewing points).
Three-dimensional visualization imaging of aortic anatomy
This study shows the feasibility of three-dimensional echocardiography of the thoracic aorta, that computergenerated two-dimensional views provide a reliable basis for measurements and that serial quantitative evaluation of aneurysm size (volumetric assessment) can be of prognostic importance. The same approach can be used for intra-aortic mass lesions. Volume-rendered views of pathological conditions can be assessed from any point of view and at any angle. The artifacts were frequently observed resulting from the incorporation of the near field noise in the three-dimensional reconstructions, but are readily distinguished from the real anatomy. Another potential problem is lateral 'clipping' of the aortic wall, although it has little practical consequences for interpretation (Fig. 8) .
Three-dimensional echocardiography can be used for assessing post-surgical aortic patho-anatomy such as the localization of surgical shunts and conduits. This has the potential value for planning of surgical procedures (Fig. 12) . Thus, experience with threedimensional reconstruction in congenital abnormalities of the aorta, although limited, seems to have great potential.
Limitations
Three-dimensional echocardiography is still an investigational method, subject to some technical limitations. High quality image acquisition can be difficult in arrhythmias with a marked R-R interval variation, and spatial and temporal resolution of reconstructed images is still inferior to the original images and is anisotropic within the dataset when rotational scanning is used for acquisition. Artifacts originating from two-dimensional images or caused by patient movement can impair reconstruction quality. In our study, however, the percentage of poor acquisitions was low because the oesophagus provides a relatively stable location for the transducer and pre-procedure counselling provides better patient cooperation.
The utilized software cannot reconstruct colour Doppler data. This feature can be helpful, for example for identification of dissection entry -re-entry sites. The relatively long time necessary for data processing and interpretation limits the potential applicability of the method in emergency situations (aortic trauma or acute dissection), but is expected to improve with hardware and software developments. Finally, according to Eur Heart J, Vol. 17, October 1996 the descriptive character of the study, our data do not provide direct validation of the reported measurements and anatomical findings.
Conclusion
Three-dimensional echocardiographic imaging of the thoracic aorta is feasible as an extension of a routine multiplane transoesophageal study, without additional discomfort to the patient. Excellent or adequate quality can be obtained in the majority of studies, allowing for off-line, detailed quantitative and qualitative evaluation of aortic anatomy in reconstructed two-(any-and paraplane) and three-dimensional views.
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